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It has previously been shown (Ref. 7, 9} that alumioum corrosion%x‘iﬂ 3} ‘bidig
formation in the réactors correlats with fusl sheath temparatures Wo the
gubstantiats this correlation discharged fuel elements from R-BQE? aed Ke, ';
cycles wore examined for extent of corrosion and evidences of br@@néoﬂ‘ of the
Oﬁde fiho " Q o | 3 o
O Z £
SUMMARY, £

1)
Two types of corrosion were observed, both of which showed & close correloiing &
with fusl sheath temperature over a wide range, Thess wers uniform corrosion
{which has been studied extensivaly in the laboratory) and pitting corrosion

which has not previously basen observed for corrosion of 2 S alumirum in pure

vater at these temperatures. Pitting corrosion increases much more rapidly with

tomperature than does uniform corrosion. Moderator turbidity data can ba ex-
plained on the bases that

o extensive pitiing starts only after an oxide film has been built up to a
eritical thickness by uniform corrosion

portions of this oxide film into the moderator as the major

Data ares presented to show the correlations with sheath temperature - and to

permit prediction of the course of turbidity changes for any reactor cyecle,

Thege correlations and praedictions are in part spsculative because ' of the sube
Joctive method used to estimste extents of corrosion. They are presented to map. .. \
dirsctions for future guantitative studies, PRD
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FROGRAM

1., Laboratory corrosion test should be conducted to duplicate uniform and pltting
corrosion as seen in the reactor and determine means of controlling them.

2. Work should be pressed to determine vhether moderator contains impurities
which cause pitting attack (Ref. 8, 9).

3. Work under TA 1-725 will determine whether pitting corrosion and turbidity can
bs reduced and perhaps eliminated by controlling the moderator pH.

4o More precise methods of measuring extent of corrosion of discharged fusl should
be developed for use in more firmly establishing the correlations presented in
this report. :

Moderator turbidity leads to reduced visibility in the reactor tank, pluggage of
instrument lines and accumulation of radiocactive deposits throughout the reactor
hydraulic and purification systems, A batier understanding of the mschanism of
turbidity formation ia needed as a basis for selecting msasures to alleviate these
problems .,

The turbidity is known to be hydrous aluminum oxide {Ref. 2,3,5) which is a product
of corrosicn of the aluminum reactor componetns. The amount of aluminum oxide
formed by corrosion of these componenis can be estimasted from the amount of deu-
terium relsased into the blanket gas unaccompanied by oxygen. Since only a small
portion of this estimated amount of aluminum oxide appsars in the moderator either
dissolved or as turbidity, most of it presumebly remains as an oxide coating on

iha aluminum surfaces vhere it was first formed.

The presence of this oxide film has been observed on the surface of discharged fuel
slugs, The smount of oxide has been estimated from the Na24 activity in reactor
moderator on the assumption that Na<4 is formed by the 4127 .(n, o) reaction in all
of the oxide film and that all of it goes into the modsrator (Ref 6}, The amcunt’
1s ir agreemsnt with that estimated from the deuterium evolution,

The deuterium evolution rate and formation of turbidity hava both bsen shown to be
depsndent on the fuel sheath temperaturs {(Ref, 7, 11). The deuterium evolution
rate increases with sheath temparature in exact proportion to the increase im
aluminum corrosion rate (as measured in laboratory tests) with temparature. Turbidity
is not formed in large amounts when the highest sheath tempsraturs is much below
1359C, and is usually found when this tempsraturs is exceeded by a substantial
amount, This tempsrature coincides roughly to the transition from ons mechanism of
aluminum corrosion to another {Ref, 4). While the correlation was made with sheath
temperaturs, the correlation with neutron flux, power level, or central metal
tamperature would ba nsarly as good.

Dauterium evolution and buildup of Na2é activity has been substantial when there
was no turbidity formation., Both occur continuously throughout the reactor cycle,
indicating that the oxide film builds up continuocusly during the cycle. Why is it

- | - . o prA_ mamnm o~ - s

that under some conditions the oxdds film vwill adhere to the aluminum surface, while

under other conditionas it braeaks looss to form turbidity?

L
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Perhaps an answer to this question car bs obtained by examining discharged fuel
elements for evidence of presence and adherence of the oxide film, which would

give some understanding of the measuras needed to preveni turbidity formation.

Method Premeasured and other special slugs discharged from each R and P reactor

cycle are inspscied in the "Hot Lab" for changes in dimsnsions. A large number of
these slugs vere examinad visually during the course of inspsction of R=3 and P-4

slugs., Examination was done by the author while the Laboratory Sectiion parsonnsl

were carrying out their normsl routine of msasursments,

With the exception of ons slug, examination was by naked eye, Each slug was ob-
served in two positions (a) while boing held in front of the periscope to read its
serial numbesr and (b) while being rotated about iis {horizontal) axis on the gaging
stand, The ability to recognizs evidences of corrosion improved with experience as
more and more slugs wers examined, Two types of corrosjon were ultimately recognized.
As soon as & type of corrosion was clearly recognized, slugs wore graded subjectively
on a rough quantitative scale of extent of this type of corrosion. Other observations
wore recorded so that if later soms nev type of corrosion was recognized, there would
be some chance of interpreting these observations in terms of extent of the newly
recognized type of corrosion.

In such subjective grading of any variable, it is difficuit to guard against a
wvandering of the grading scele. It was felt during the observaiions that such a
shift occurred somatims around Jamuery 28, probably in the course of first establish-
ing the scale of uniform corrosion. This shift affected the grading of pitting but
not of uniform corrosion. A correction was made for this shift as explained in

Table XI and Figure 6, The correction convisted in multiplying the more recent
values of pitting by 1/2, or the earlier valuss by 2. The uncorrected values are
given in Figures 12 through 18 and Tables I through X. In Figure 1 through & the
corrected values are used.

mrnin Y T oo o P ——

Because the grading was subjectiva, the quantitative results presented in this
repori are to soms extent spsculative, These results are presented to map oui the
directions which further study by more precise methods should taka.

Iypes of Corrosion
Three extremes of slug appsarance vere observed vhich define the uncorroded state
and the two typss of corrosion., These wuare

() an "almost like new" appearance in which the slug had a medium high metallic
Justre

(2) a bumpy slug with a heavy white coating resumbling flat white paint
(3) a mottled shiny appearance, with an sgg-shell texture, Under magnification,

the shiny palches were sesn to be covered with many small pits or craters 1
to 10 mils in diamater. Areas batween shiny patches or betueen more widely
spaced pitas looked like the white coating of case 2 abovs,

On the basis of all available facts and observations it appears that Case 1 repre-
gents the uncorroded atate. Cese 2 repressnis uniform corrosion to produce an
oxids film in place; and Case 3 represents a pitting type corrosion in which pits
panetrate through the oxide film,
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Gradations were observed between Case 1 and Case 2, with the surface becoming whiter
and showing less matallic lustre as Case 2 was approached. These cases ware graded
according to the amount of mstallic lusire to glve a scale of extent of uniform
corrosion. On this scale the most lustrous (least corroded) slugs were grade O and
the vhitest, least lustrous (most corroded) vere graded 3. Beyond grade 3 the film
had bacome so thick that the matallic lustre was completaly obscured and any further
increass in thicknesas could not be detected visually. ,

Gradations bstween Cagse 2 and Case 3 wsre also ssen, with the surface bscoming more

mottled and shiny and more completely coverad with bright patchss as Case 3 was

approached, These cases wore graded similarly, with O for Case 2 and 3,5“5 brightest
moai mottled slug obssrved. Furthsr increases in extent of pitting vould bs recog-
nizable if they were to occur, so that this scale can be extended beyond 3 if nocessary.

No gradations from Case 1 to Case 3 (that is to say, occurrence of pits in an other-
wise lilke-new slug, without presence of the white coating) vere observed. It would
seem therefore that the oxide f£ilm wust build up bafore pitting can occur.

Mark YJ=I Two Mark VI-J fusl tubss discharged from K-2 cycle were exsminsd under-
water for evidonces of corrosion, both by unaided aye and using the undervater

periscepa. One was & flat zoms tubs which had opsrated with a maximum sheath

temperature of 154°C (tuenty degrees higher than R-3 and P-4 flat zons slugs). The
other was & buckled zone tubs vhich oparated at a maximum sheath temperaturs of 105°C
(thirty degrees below the P-4 flat zoms slugs).

Conditions of observation made quantitative grading of the extent of corrosion,

Only rough limits could bs placed on pitting corrosion, Grading of uniform corrosion
did not seam possible, in part because of lack of time to acquire ability to recognize
the gradation by undervater observation,

The buckled zone tube showad a degrse of pitting which would have bsen rated
practically zero under the conditions used in rating slugs. Some very small pits
uvere seen under 15 X magnification, and there was a slight metallic reflection (sesn
by naked eye) over the portion of the tube that had expsrienced the highest sheath
temperatures. The entire tube was coated with a fairly heavy oxide £ilm which gseamad
to be thinner toward the cold ends of the tuba,

The flat sone tubs showed much more severe pitting than any slugs that ha¥s baen
examinad, The pitted region covered a greater length of fuel colunn, vhile the

pits ware larger and the surface rougher, The difference was clearly visibls to

the naked eye at a distance of soms fifteen fest, and was confirmsd under magnifica-

tionu A gradation in pitting vas observed along the length of the column, as with
alugs. '

Under high magnification (X 15) pitting was seen to extend beyond the point at

which nomgitting would have been reported from unaided observition, This consisted
of many minute pore-like openings in the oxide film, rather widely spacsd, This

"pitting"” was the same as was seen in the bucklad zone tubs. It showed a gradation,
ggi% t‘Q wlln'rl and emolTas wmavws o P

er and smaller pore siszc and greater spacing tovard the top end of the
fuel tuba,
Resulis

The results of these observations are presented in the accompanying tables and

flgures. Cumulatively they show a good correlation of extent of corrosion with
fusl sheath temparaturs,
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The observed extent of corrosion variad in the following ways, each of which can ba
explained by corresponding variations in sheath temperature:

- along the length of the fuel column

o along the length of each photographed slug (not‘enough care was taken in visual
observation to detect this detail of distribution of corrosion)

. decraasad corrosion at the end eaps of slugs and on the two end sections of the
Mark VI-J tubs.

o between fuel columns in the same Mark VII-A quatrefoil

o between fuel columns which operated with different mamimum sheath temperatures
either in different reactor cycles or because of diffsrent location in the reactor.

Figures 12 through 18 and Tables 1 through 10 show that all fuel columns which
operated at nsarly the same maximum sheath temperature showed almoet, identical
patterns of extent of corrosion, vwhile those which oparated at different maximum
sheath temperature showed different corrosion.

Figures 1 and 2 show how the variations along the fusl column corrslate with sheath
tempsrature, The end cap effect is not shown in these figures. At the and cap the
neutron flux is higher than elsevhsre bacause of the Wilkins Effect, but the heat
flux and sheath temperature are lover because of absence of fuel in this region.
Similarly the sheath temperature is low in the end sections of Mark VI-J tube, which
conteins no fusl. Thus the extent of corrosion parallels the sheath temperature;{and
not the nsutron flux} at the end cap. '
Figures 3 through & show the correlation betwsen extent of corrosion and fusl sheath
temporature quantitatively. In Figure 3 the extent of corrosion is plotted against
sheath temperature. Fuel elements are inc¢luded from different reactor charges and
which operated at widely different maximum sheath temperatures (P-4 flat zone at
135 and P-4 outer ring at 90° maximum in the same charge, and K-2 at 154° maximum
in a differsnt charge). Considering the varisiy of cases included, and the fact
that the estimate of sheath temperatures is uncertain in soms cases while the
measure of extent of" corrosion is crude, the correlation is surprizingly good,

In Figures 4 and 5 the same data (for R~3 and P-4 flat gzone only) are plotted in the
form of an Arrhenius plot, This plot (logarithn of rate against reciprocal of the
absolute temperature) should give a straight line for any simple reaction mschanism,
The slope of the line is characteristic of the mechanism and is proportional to the
"activation energy". In the present case it is legitimate to plot the logarithm
of extent of corwrozion, since for a fixed cycle tims (50 days for each of the two

cycles considered) the extent is proportional to the rate of corrosion,

Departure from & straight line in Figure 4 is expacted bascause of the limit beyond
wnlen differsncos ‘in £ilm thickness cannot be distinguished optically., The dashed
curve represenis the departure that would be expacted if the optical density o
£ilm - were 3.1 x 104 per cm, of film thickness (Lambert's law of light absorption).
The slope of the Arrhenius line agrees closely with literature data on uniform
corrosion of aluminum and with evidence from reactor D, svolution as to the effact
of sheath temperature on aluminum corrosion (Ref. 4, 7§ 11)
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The slops of the Arrhenius line for pitting corrosion (Figure 5) is distinectly
greater than thet for uniform corrosion, This would imply that pitting is not the
same process which gives riss to the major part of deuterium evolution, and that it
is distinect from uniform corrosion, . :

The effect of differsncas in oparating tempsraturcs batueen fuel columns in ths same
Mark VII-A quatrefoil is shown in Figurs 6. The.sheath tempsrature is & neerly linear
function of the channel efflusnt A T, The extent of pitting corrosion of an entire
fuel column is msasured by the area under the curve of sxtent of corrosion vs. slug
position for that column, In Figure & this area is plotted against the chanmel & T
for all four channels of sach of five quatrefoils. The correlation batween pitting

and channel AT is 013%1‘1}' goen in thig fMours

From those resulte it is coneludad that

1) Corrosion of the aluminum sheath of both Mark VII-A and Mark VI=J fucl alements
occurs by tuo machanisms (a) uniform corrosion to build up an oxide f£ilm and
(b} pitting corrosion which psnotratos through the £ilm into ths mstal,

2) Both typss occur at rates vhich incraass with temparature,

3) The machenism of pitting is distinct from that of uniform corrosion. The rate
of pitting increasss much mors rapidly with tsmperatures than doss the rate of

uniform correosion,

4) There is soms evidance for two different types of pitting, ons much more severs
than the other. Severe pitiing appears to start only .after the oxide film
reaches a critical thickness., This thicknsss is just reached at 1219C at the
end of a 50 day reactor cycle (see Figures 1, 2; and 3).

Turbidity Gensration

- Pitting corrosion breaks through a previously formed oxide f£ilm and relomses tha
oxide into the moderator, It must therefore produce turbidity. In Exhibit A a
theoretical treatmsnt is given to shov how the buildup of turbidity during a reactor
cycle could bs explained guantitatively in torms of pitting corrosion.

The assumption is made that pliting starts on any minuts aree of aluminum surface
only vhen the oxids.film has built up to a critical thicknsss of approximately 1.3
mils, Figure 7 showe ths number of slugs which have bagun to pit at any tima during
the reactor cycla, and the resultant rats of turbidity gensration; based on this
agsumption, The moderator turbidity rise in R and P reactors (which have no tur—
‘bidity removal facility) will follow the dashod curve of Diagram B. In L, K and C
(vhere turbidity is removed by the roboilers) the turdbidity rise vill follov ths
dashed curve of Figurs 7. ‘

Figure 7 represents the result of operation at 127° maximum sheath temparature, At
other valuss of maximum sheath temparature the curves are shifted along ths time
axis such that the tims of first appsarance of turbidity is consistent with the
theorstical curve of Figure 8, The tims of first appsaranca of turbidity in several
reactor cycles was in fairly good agrsemant with this theoretical curve, a&s shoun
in Figure 8, The courss of turbidity buildup in these cycles vas much as shown in
Figure 7. Thers is thus at least qualitative agreemsnt betuaen the theory and the
actual courss of turbidity buildup in the reactors. The deviations could ba
acountad for by uncertainties in the laboratory data on uniform corrosion, on which
the theoretical curve is based,

By T
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Figures 9, 10, and 11 show that there is an even more quantitative correlation. 1In
E-2 cycle all of the oxlde formsd on 3/4 of ths longth of flat sons tubss wes ro-
moved by pitiing. The buckled zons tubes, constituting 408 of the reactor charge
shovad negligible oxide loss. Thus (3/4) (100=40%) = 0.450 of all the oxide formed
on the fuel elemsnts should have bsen roleased as turbidity. The awount of A1(0D)
releassd aes turbidity up to any tims during ths cycle was calculated from & mat@riai
balanca of turbidity, using the daily turbidity data and assuming 100% removal by the
reboilers at 6 gpm throughput. The total amount of A1(OD)y formsd by corrosion vas
calculated from the deuterium evolution data. In Figure 1 the amount released as
turbidity is compared with 0.5 timss the total amount formsd by corrosion, The
agreensnt is good. :

In Figures 10 and 11 the same thing was dons for P~} and R-3 cyclos. In these
cyclas the squivalent of all the oxide was released from only about 3 out of 20 slugs
in each column, This constitutes 15% of all ths oxide gererated on flat smons tubes

or about 9% of the total oxide gemsrated in tho entirs reactor. In Figures 10 and

11 the agrsemsnt vith 10% of the total oxide is good.

This provides a means of predicting the turbidity genmsration during any reactor
cycle. The rate of oxide formation can be prodicted from the maximum sheath
temperature, The fraction of total oxide which will be released by the ond of the
cycle can bs estimated from the sheath temparature curve for flat zona tubss, using
the correlation shoun in Figures 1 and 2 end the limit of 121°C above vhich pitting

occurs, The prediction is expacted to bs only roughly accurate, until more thoroughly
tﬁstedo '

CONGLUS TONS

1. Aluminum corrosion in tha reactor depands primarily on ths surfacc tempsraturs
of the aluminum,

2. Pitting corrosion bacomes severs at and above 121°C.

3. . Pitting corrosion has becn a major contributor to turbidity formation in a
pumbar of reactor cycles,

4o Tentatively it should be possible to prodict turbidity generation for any
roactor cycle from fusl sheath temperatures, using the msthods outlinsd in this
raport.

5. The phonomena of uniform and pitting corrosion as observed on discharged fusl

clemants is sufficiently roproducible that it should ba possible to duplicats
them in the laboratory. .

FROGRAM

1. An RTA (Ref. 10) is bei repared vhich requosts corrosion loop tssts to
duplicate uniform and pitt corrosion &s sesen in the rosctor, Thesc tests
should do the following

a) establish that these phenomsna can bs duplicated
b) establish that pitting doss cause turbidity formation

¢) determins the conditions which affaect pltting corrosion, uith the aim of
controlling or eliminating it,




o

A. A, JOHNSON F RTR=146

2.

3.

bo

¢=8c

Pitting corrosion has not proviously baen observed on alumirum in pure water,
The presence of contaminants such as marcury or chlogrides has baen nzcassary to
caugse pitting. Work propossd in rafersncas 8 and 9 ghould bz carried out, to
dotermine vhather such contaminants are actually present.

Work under TA 1-725 (Raf. 1) to reduce sluminum corrosion by controlling
modsrator pH should reducs uniform corrosion by & factor of about 2 or more.
There is a good chance that this may completely eliminate pitting corrosion,

since uniform corrosion may b2 prevented from reaching the critical thichness.

More quantitative means of dstermining oxide film thicknzas and extent of pitting
should be dewelopad. Those mathods should bs such that they can bs used to
obiain a large volume of data such as roported here, From these data the
quantitative relationships presented spaculetively in this report would be

rore firmly esteblished,

F B horilon
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Figure 1 Corrosion & Sheasth Temparature vs. Slug Position - Mark VII-A
Figure 2 Corrosion & Sheath Temparature vs. Position - Mark VI=J
Figurs 3 Corrosion vs. Sheath Temparature
Figure 4 (Uniform Corrosion - Arrhonius Plot
Figure 5 Pitting Ca:msi-ﬁ = Arrhsnius Plot
Figure & Corrosion in & Fusl Channsl ws, Channsl AT
Figure 7 Turbidity Generation = Theorstical |

Figure 8 Days Bafore Turbidity Appsars

Figure 9 Turbidity Formation ve. Total Cozrosion = {-2

Figure 10 Turbidity Formation vs. Total Corrosion = P<4

Figuro 11
Figure 12
Figure i3
Figura 14
Figurs 15
Figura 16
Figure 17
Figurs 18

Tabla I
Table II
Table III

Tebla IV
Tabla ¥V

Table VI

Turbidity Formation vs., Total Corrosion R=3
Pitting Corrosion, P-4 Fuel Elomsnt 24-£0
Pitting Corrosion, P~4 Fusl Elemant 2%9=51
Extent of Corrosion, P-4 Fuel Elemant 17-57
Extent of Corrosion; P-4 Fusl Elsment 21-=57
Extant of Corrosion, R=3 Fucl Elemant 3448
Extent of Corrosion R=3 Fusl Elemsnt 2727
Miscallanaous Fusl Elemonts

P-4 Fucl Eloment 15-15
P-4 Fusl Elemont 28=51
P-4 Fus) Elemant 24-60
R=3 Fuel Elemsnt 26=36

Observation of R~3 FPhotographad Slugs

= 22 & N52

R=3 Fusl Elemant 34-48
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Table VII R-3 Fuel Elemant 27-27

Tabla VIII P-4 Fuel Elemsnt 17-57

Table IR P-4 Fusl Element 21=57

Table X Pef, Tusl Elemant 31=51

Tabls XI Averags Extont of Corrosion
Table XIT Estimated Sheath Temperaturss

Exhibit A Theory of Turbidity Goneration

RTR-146
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A. A, JOHNSON RTR=146

Sexial No. Chanpal & Posjtion highnos Pitting Brumeg,
-T Q
— 2=20 undform 1ight white
07 @ n u
3=20 ] & ]
-— =10 9 heovier 9
-— 1-11 @ w “ slight
2=19 A light ®
- 2-18 Q @ " falnt
— 2=13 - = cadiun
- : 2=14 vniform madium whito glight
- 1-09 @ @ @ medorats
— 2*09 L © w ]

Pitting ves not rocognissd until lotor. It 4o £oirly cortein thot meus was
psasant in any of these caseg,

Yhat vas bolng obzerved hero was the sews thing intor rocognissd as thichmoss

of tho £ilm resulting fron uniforin corrosion, Xt was kidng racorded wdth tho
purposs of estimnting the £ilm thicknoss, cnd fo probably o fairly goed msver=d
of the quantity which vas subsequantly graded mursrieally., AL plugs vould hove
been rated 7 to 9 on the nurorical seals, as bagad on ranawrk socordad Jamuory 27,
1959 vhon this scalo was first sot up.
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A. A, JOHNSON

L

sSerial No,
===6659 2=10 9 0.5 0 0 LSW (Poor Lighting)
===H656 1=07 9 0o . 0 0
~==H6681, 3=12 9 1 1 @ LSW
===6649  3-17 9 0 = Clean White {poor Light)

6665  2=06 9 0 o 0 Clean White

6611 3=03 9 0 0 0 Clean White

6607 1=02 9 0 o} 0 Fairly Clean White

6625 2=02 9 0. 0 0 * :
* Lighting appears different on opposite sides of slug warp. -

1-29-59 {11300 PM)
Channel &nd Loordlpate Xinsing
Serial No. Positien = _ X - ¥ QLJ@M At Scope Remarks
03N33567 L=09 16=42 woo Eggashell Texture around bumps; seen as pits
through periscope.
03N02912 3=19 7=39 » 0 Faint texture (as from pitting)
O3N01664, 3=16 17-39 2F 1.5 Under periscope, a uniform covering of closely
- . gaced pits or pock marks (about 5=10 mil
diameter) was. seen.

"““62998 oo Soome 0 Qamm Sovwiviven [a P e & }

- ol wm o
WL uvnuuxc \GB il Pl uvhilE



%, A°3i0HN i gggggg ' RTR=146 v
age JABLE VI )
R=3 FUEL ELEMENT 3hobf 1=29-59(9:00 AM)

Berial No, Chennel and Film Thickness PiGEing

g ,
—t  __B___ Qn Stand At Scobe Bumps Remarks
3=-03 9 0 = '
ce=1962 3=06 %5 0 0
===1000 3=07 = 0 0
1943 3=-08 i0 0 ¢ Lovws
1973 3=19 10 1l 0o2 LSy
4,863 L=11 10 0.3 1 Low - ~
1915 1=05 10 0 ¢} Faint Clean White
3661 =02 T 0.5 0.5
1967 1-13 945 1 2 LSW
3668 b=l2 9.5 0s5 1 Large Pock Marks
19,9 3=14 9.5 2.5 2 LSW
1,885 4=08 10 0 0 4 Faint texture on clean white
1982 1-20 10 0 0 0f Clean White o
4875 k=17 9 1.5 3 y
4,858 2=06 10 0 0 f Clean White
4,801 4=05 10 0 0 / Clean White
1994, 2-17 9 2 3 Y Low Heavy Overall Pitting
1922 30, 10 0 0 / Low
1975 2-19 10= 1 1e5 Y LSW
L8874 3=05% 10 0 0 Lo Clean White
4813 =20 10 O O Faint
1995 2-08 10 0 0 y Clean White *
4862 403 9.7 0 0 Faint Clean White
4,826 320 10 0.7 0.7 t] Faint texture
1954 -2=16 = 1 1 Pitting heavier on LSW
1955 3=10 10 0.2 0.} Low
3517 3=02 10.7 0 0 (Film very thin and patchy)
1,869 2011 10 0ol 0.1 4 Faint texture
1987 3=09 10 0.17 0,17 ecw Faintly brighter patches
1916 1=17 9.5 2 1 / Low Mottled, more on LSW
196,  3=01 .8 0 0 o Mottled Sheen ¥k
4,800 1=-01 , 8 0 0 o a0
1823 L=0L, 10 0 0 = Clean white
cmeo 2=05 - 0 -
0335 1=10 10 0.1 0
1934 2=03 10 0 0 -0

SO0

*  Reflected light much brighter on concave side of warp. .
% Technlcians remarked that vhis slug looked ® as good as when it went in the reactor.® It was at
this point that gradavion of film thicknese was first vaguely recognized.




b 2o som

Channel and Fi

Sexia) No, Pogition

01K45318 2=17 9 - 2 2 Low
01K50191 2=10 10 3 0.1 0 Some Some Visible Pits
64,79 4=08 10 2.8 0 0O 0? :
6310 1-08 10 = 0 0 Faint : ‘ A
6372 2=13 ) = 1 1 4 More on LSW (pits visible)
9L20 2-18 9 - 1 1l Low LSY (pits visible)
01K46404 3-08 104 3 0 0 Sone
0088 1-18 ) = i l.5 Low ‘Many Visivle pits
2210 L=06 10 37? 0 0 Faint o
6300 3=18 9 = 2 l Low Mottled
9129 2=20 9.5 O 0 0 0
2561, 1=03 2.5 1 0 0 0 Almost Like. New
o415 1=05 10 2 0 0 Some
o136 3-03 9.5 1 () ) 0 0 :
6453 3=10 10 3 0.5 1l Some Some Visible Pits
9123 4=0 0.7 2 0 . ¢ Faint Many Visible Pits
6380 1=0 2.9 2.5 - 0 Some
2675  2-11 9.5 3 1 1 Low ﬁ
6455 3=01 8 0 0 0 0 Like New
6813 2-01 8 0 0 0 0 Like New
6463 4=-06 9.5 2.5 0 0 0 Like New Except Heavy Film
6338 L=07 0.7 2.9 0] 0 Some Like New Except heavy Film
5,82 2-09 10 3 0.1 0 Little
638 107 Q.7 2.7 0 0 Some Like New Except Heavy Film
6343  2-14 2 = 2 2 " - o
6835 2-02 8.5 0.5 0 0 0 Almost Like New
6381 2=15 9 = 2 1.5 Low
6309 3=12 Fe5 = 1l i= /
2641 3=13 9 - 1.5 0.7 g
55,88 2=08 10 2.95 0 0 ome
1668 4=09 10 3 0.1 0 Some
2832 Le=ll 9.7 = 0.5 1l §pma
2612 Lel7 8 = P 2 i Mottled
6373 2-06 10 3 0 0 J
64,31  3<16 8 - 2.5 3 4
6450 3=09 10 = 0.1 0 Low
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ftrary Unics

Uni o
Slug Outer Outer
Position e I Ring | Flat, Zone Ring
Tl R=l R=3 Dol Pl
% 0 o None 0 (1)
0006 ' 0 None 0968 107
3 0 C - None .1.53 2
L 0 0] 4] None 1.9 205
5 0 0 0 None 2,63 208
6 0 0.1l | None | 2.9 3 4]
7 0 0 002 None 2.89 3
8 0,01 0.01 None 2a93 3 1.5
2 0.05 Ocllk Nona 3 3= o_c 5
110 0.22 0.3 None 3 2.9 0s5
11 0.5 039 None 3 3
12 0s1 0.9h Oolh None
13 : - 1.02 0.98 | None
1 215 2,08 None
15 0.2 1.8 2.09 None - l1e5
116 0.5 1.82 2.5k None 3
17 . 0.7 1.92 242 None - 3
18 1 152 1.15 None 3 0
19 . 0.63 0.24, None 3 0
20 0.01 0.013 | None 2.5 3 0

SO aos

* Only one slug for each positiong data from examination of photogrpphs
of discharged slugs.

f Data for reactor positions 29-51 (Table II) and 24~60 {Table III)
multiplied by 2 to correct for shift in grading scale.
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Flat Zone g‘{ter (T =T, ) %%
- — - ng t~Tp
Rositdon R=2_ B=3 __ Poh___ Ke2 ___P=2 _ R=2

1 57 58 64, - 51 11.5

2 68.5 65 77 78 57.5 11.0

3 - 79 80 92 88 6L 10.5

A 89 90 101 106 71 9

5 95,5 100 105 123 7 5

6 Q9 105 108.5 127 76.5 3

7 102.5 108.8 112 130.5 3

8 105 111.8 - 115.2 13k . 79.7 3.3

9 107.5 . '1lh.5 118.8 137 1 20k
10 109.8 117 122 141 83 2.3
11 112,.0 ~ 120.2 125 1 842 201
12 114.5 123 128 1 85,3 265
13 117 126 131 151 86.8 265
i, 119 128 133 153.2 88 1.9
15 120.8 130 134.5 ° 154.2 89 1.4
16 122.0 130 135.5 151,.2 0 0.6
17  121.0 128 133 142.5 89.5 =302
18 116.0 122 126 134 86.3 =8.4
19 110.7% 114 119 120 83.5 =5.h
20 105,0 - - 102 108 113 80.2 <60

D TS

%* Sheath temperatures calculated for graphs prepared for this -
purpose by J. M. Boswell. Values calculated for outer
surface of fuel, Mark VII-A values take into account observed
flow split and monitoring efficiency.

e Difference in sheath temperavure, top of slug minus bottom
of slug (measure of difference in extent of corrosion to be
expected between two ends of slug).
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Uniform Corrosion

*

Uniform corrosion of aluminum occurs in iwo stages (a) an initial rapid buildup

of the film and (b) a subsequent slow constant rate stage. The second stage has
been studied in soms detail (Ref. 4). The constant rate increases with tempsratures
according to the Arrhenius law, The first stage has not bsen studied very carsfully.
The extent of corrosion during this stege appsars to increass with temperature, but
the laboratory results are erratic.

Wo will assume, for lack of any bestter data, that the extent of corrosion during
the first stage varies with temperature in the same vay a3 does the subsequent
constant rate. This assumption is to some extent justified by the fact that the
total extent of uniform corrosion in the reactor at the end of 50 days varies vwith
temperature in just this way (Figure 4; the slopa of the straight lins is that
previcusly found for the constant rate pariod « Ref. 7, 11). Since the mejor part
of the total corrosion occurs in the initiel pariod, the variation with tempsrature
shown in Figure /4 characterizes mainly this initisl pariod,

The total extent of corrosion of 2 S aluminum up to any time (0 to 20 days) at
1259C as given in Reference 4 is taken as the basis for sstimating tha extent of
uniform corrosion at any time and temperaturse. This basic extent of corrosion, C,
is tabulated balowu:

Time (day) 0.5 1 2 5 10 20 30 40 50
C {mg/dm?) 4 8 12 13.5 14 15 16 17 18

At temperatures other than 1259, the foragoing assum?tion gives tha entent of
uniforn corrosion as proportional to W = C x 10-3300/T, The quantity W 1s a
measure of the thickness of oxide film built up, expressed in arbitrary units,

Pitting corrosion is assumsd to start vhen this oxide £ilm roachss a critical

thickness (hence when W reaches a critical valus, Wa)o. Inspsction of both slugs

and fuel tubes as reported here, shows that aluminum exposed at 121°C has jyst
bagun to pit at the end of 50 days. This gives for We the valus 3.76 x 10-°,
corresponding to & critical film thickness of 1,3 mil (266 mg of Al carrodsd psr dm?),

The time required to reach the point of incipient pitting may ba estimated from
the above assumptions, as described bslow. First the extent of corrosion C, which
would ba attained after this sama period of _exposure at 1259C (instead of the
actual temparature T) is calculatad

Co = W, x 103300/T (1)

Then the number of days required to attain this extsnt of corrosion at 125°C is
estimated from a plot of C vs, tims which reprasents ths basic data tabulated above,

Diagran A in Figure 7 represents the results of such a caleulation for a typical
R=3 P-4 flat zone fuel column. For each slug position along the column the value
?f Co vas calculated from equation 1 corresponding to the sheath temperature

Figure 1 and Table X) at that slug position., The timss to reach these values of C
vere then plotted against slug position as shown,
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Diagram B is a plot of_tha'numher'of slugs lying bstween the two branches of the
curve in Diagram A. All of thase slugs have either reached or passed the point of
incipient pitting, and hence show varying degrses of pitiing.

The basic assumption is that when pitting oceurs, the previously formed oxide film
is broken at the site of each pit; and the aluminum oxide which covered the arse of
the pit is roleased into the moderator as turbidity. '

Let M ba the total amount of oxide rsleased psr wunit length of fusl column from
any particular differential element of length dn of a particuler fuel column., The
unit of length is here taken to be the lsngth of one slug. The total amount of
oxide releassd into the moderator by the entire reactor charge is then

Total release = Z.fMdn ' (2)

vhere intsgration is carried over the entire length of one fuel column and summation
is over all fuel coluzmns,

Lat ua define the fractional extent of pitting p by the expression M = p M,
vhere M, is the value of M for a "completely pitted" surfacs, The value M_ is so
chosen that p is alvays less than, but approaches unity for severely pittgd
surfacas, The value of p differs significantly from zarc only in the flat sons and

within that portion of each fusl column for which pitting has siarted.

The total relsase is expressed in terms of p as ,
ZfMO ‘jnpdn e e
= ZMO 0

vhere n is that length of the particular fuel column on which pitting has started,
and P is the average extent of pitting over this length. "

Totel rsleasa

Inspaction of slugs shous that § and n are roughly constant throughout the flat zono.
Hence Z M, pn for the flat sone alons has the value My, Z P n, vhere Z is the total
numbar of fuel columns in the flat zonms. The contribution from fuel columns outsids
Ehe flat zone is assumed to bs megligible bscause of much lower sheath temperatures.
Hence :

Total releass = (M, 2) P n . {4)

Rals of release = (M, 2) d (P n)/dt (5)

Note that the coefficient (My Z) is nearly constant at least throughout any one
reactor cycls, : ' '

In Figure 7 the heavy curves represent the case in which B is assumed to bs unity,

vhile the dashed curves result from a crude estimate of the actual valua of S.

Diagram B is a plot of Pn against i, while Diagram C is a plot of d(Pn)/dt against
t (obtained as the slope of the corresponding curva in Diagram B)., These curves
give respactively the totel amount of turbidity formed and the rate of turbidity
formation in arbitrary units such that ona unit represents an amount Mg 2 of
oride released (par unit time in the case of Diagram C). '
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In R and P reactors, which have no means - of turbidity removal, the total amount
of turbidity released remains in the moderstor. Thus Diagram B also represents

(in arbitrary units) the way in vhich turbidity should increass during a Trsactor
cycle,

In L, X and C reactors turbidity is removed by the distillation reboilers. A
material balance of turbidity gensration and removal gives

Y d1/dt - (M, 2) d(pn)/dt - FT (6)
vhera ¥V is the total modsrator voluma, T is the turbidity lovel (amount of turbidity

P 3. DN ST S DU S DU i S B T ISR 1 S Sy S~ . T P TR o) Rep Ty
BULMIY AT WL VOLWEIG Of LoUSIawwos; A ' L8 V0 THLW UL 1407 Ul IIoUSIOuWWE WLruUuEld

the rebollers. Integration of this squation gives

(7

The results of this integration are shoun in Disgram D, with the factor (M, Z/V)
taken as the arbitrary unit. Buildup and decay of turbidity in this fashion has
basen observed repsatedly in K and C reactors and frequently in L reactor.
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